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Abstract|Absolute accuracy of the line-focus-beam
(LFB) acoustic microscopy system is investigated for mea-
surements of the leaky surface acoustic wave (LSAW) ve-
locity and attenuation, and a method of system calibration
is proposed. In order to discuss the accuracy, it is necessary
to introduce a standard specimen whose bulk acoustic prop-
erties, (e.g., the independent elastic constants and density)
are measured with high accuracy. Single crystal substrates
of gadolinium gallium garnet (GGG) are taken as standard
specimens. The LSAW propagation characteristics are mea-
sured and compared with the calculated results using the
measured bulk acoustic properties. Calibration is demon-
strated for the system using two LFB acoustic lens devices
with a cylindrical concave surface of 1-mm radius in the
frequency range 100 to 300 MHz.
I. Introduction
Line-focus-beam acoustic microscopy [1] has becomerecognized as a unique and useful method of quantita-
tive material characterization [1]{[18]. Characterization is
made by measuring the propagation characteristics, (e.g.,
velocity and attenuation) of LSAWs excited on the bound-
ary between the specimen and the water coupling liquid
through V (z) curve analysis. Measurement accuracy of the
LFB system has been studied persistently [1], [19], [20],
since the measurement principle and a prototype system
were established in order to develop the potential practi-
cal applications in materials science. Mechanical precision
and temperature stability have been serious problems for
accurate measurements in this technology.
Accuracy must be considered in the two categories of
relative and absolute accuracy. The typical system, devel-
oped for two-dimensional (75 mm  75 mm) inspection,
has attained the relative accuracy of LSAW velocity mea-
surements better than 0.005%, at a chosen point of a
specimen, and 0.01% over the entire scanning area, by
establishing the measurement procedures [19]. The system
has been satisfactorily applied to resolve scientic and in-
dustrial problems of ferroelectric single crystals of LiNbO3
and LiTaO3 for SAW devices and for optoelectronic de-
vices [14]{[17]. Absolute accuracy of measurement of ve-
locity and attenuation for relevant leaky waves was exam-
ined previously [1] by comparing the measured results, for
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a variety of isotropic and anisotropic materials, with calcu-
lations using physical constants published in the literature.
Although it was at the early stages of these developments,
this study suggested that the physical constants of some
materials, for example LiNbO3 crystals, used for the calcu-
lations were considerably dierent from those of the speci-
mens actually employed for the studies. This has been con-
rmed by detailed investigations of the congruent chemi-
cal composition of LiNbO3 using LFB acoustic microscopy
[15]. Therefore, it is necessary to employ well-characterized
specimens, with their measured acoustic properties when
discussing absolute measurement accuracy. Absolute ac-
curacy is, at present, the most important research topic,
from the technological point of view, for such applications
as absolute measurement of velocity and attenuation, and
as determinations of the elastic constants of bulk and thin-
lm materials [3], [4], [10]{[13]. Also, it is necessary to
develop a method of system calibration because dierent
measured values can result from dierent systems/devices
operating at the same frequency. A method using standard
specimens has been proposed and a demonstration with a
synthetic silica glass has been made for the rst time [20].
This paper presents the details for discussing absolute ac-
curacy of the LFB acoustic microscopy system, using GGG
single crystal substrates as the standard specimens for the
frequency range from 100 to 300 MHz.
II. System Calibration and Standard Specimen
Fig. 1 illustrates schematically the concept of a calibra-
tion method for the LFB system for studying a nonpiezo-
electric standard specimen having the independent elastic
stiness constants cij and density . The theoretical values
of the LSAW velocity VLSAW and normalized attenuation
factor LSAW, calculated from the actually measured bulk
elastic constants and density, provide a standard for cal-
ibration and are compared with the experimental values
obtained by the LFB acoustic microscopy system.
In principle, all the materials, including nonpiezoelec-
tric and piezoelectric materials could be appropriate for
the standard specimen if all the physical constants nec-
essary for the theoretical calculations of the LSAW char-
acteristics can be determined by accurate measurements.
The following requirements, however, should be applied for
selecting the standard specimen: nonpiezoelectric homoge-
neous materials with a small number of independent elastic
constants and negligibly small acoustic loss at the higher
frequencies at which characterization by LFB acoustic mi-
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Fig. 1. A concept of calibration of the LFB system.
croscopy is performed; materials with moderate LSAW ve-
locity and attenuation to produce many continuous oscil-
lations in the V (z) curve over the entire defocus region
used for V (z) curve analysis.
GGG single crystal, which belongs to the cubic sys-
tem and has three independent elastic constants, c11, c12,
and c44, is a most suitable material for the complete cali-
bration, from our experimental experience. It is expected
that the system calibration can be made with this stan-
dard specimen at any frequencies where the LFB system
can be applied to material characterization. Here, GGG
single crystal substrates with two basic crystalline sur-
faces of (100) and (111), produced by Shin-Etsu Chem-
ical Co., Tokyo, Japan, were taken for the demonstra-
tion. The approximately 3-mm thick specimens were pre-
pared with sucient homogeneity and optically polished
surfaces. The specimen surfaces were examined by X-ray
diraction analysis and were evaluated to be within less
than 0.1 to the desired crystalline surfaces.
III. Measurements of Bulk Acoustic Properties
Measurements of the bulk acoustic properties were
made rst. Longitudinal and shear wave velocities were
measured by the pulse interference method using a ra-
dio frequency (RF) tone burst signal [21], while densi-
ties were measured by a conventional method based on
the Archimedes principle by weighing the specimens both
in air and in distilled water. Two plane wave ultrasonic
devices for velocity measurements were prepared, with a
ZnO lm transducer for longitudinal waves and an X-cut
LiNbO3 transducer for shear waves, on cylindrical buer
rods of synthetic silica (SiO2) glass (T-4040, Toshiba Ce-
ramics Co., Tokyo, Japan). Velocity measurements were
carried out around 150 MHz for the longitudinal waves and
around 100 MHz for the shear waves, as shown schemat-
ically in Fig. 2, using the bulk ultrasonic spectroscopy
system [21]. RF pulsed plane waves emitted from the de-
vices are incident on a specimen through a couplant. Par-
tial reflection and transmission occur at the interface be-
Fig. 2. Experimental arrangement of bulk velocity measurements by
the pulse interference method.
Fig. 3. Frequency response of interference output in longitudinal ve-
locity measurement for a (100) GGG specimen at 23.36C. The spec-
imen thickness is 2800.6 m.
tween couplant and specimen, and transmitted waves are
reflected perfectly at the back surface. Two echoes V1 and
V2 (see Fig. 2) reflected from the front and back surfaces
of the specimen, respectively, were used for measurements.
The double-pulse method [22] was used so that the two
echoes, V1 and V2, could overlap and interfere. By gating
out the interfered signal and sweeping the ultrasonic fre-
quency, a series of interference maxima and minima are
recorded (Fig. 3). The frequency interval f is related to
the phase velocity V for the specimen thickness h as fol-
lows:
f = V=(2h): (1)
The thickness was measured by a digital length gauging
system with an error of 0.1 m. In our measurements,
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the signicant gures of determined velocity values are ve
digits, which is mainly dominated by the accuracy in thick-
ness measurement. Coupling materials are distilled water
for longitudinal waves and a thin layer of bonding ma-
terial salol (phenyl salicylate) for shear waves. For shear
wave velocity measurements, corrections for phase shifts at
the salol bond must be made for accurate determination of
shear wave velocities. More detailed description concerned
with the accurate measurements of bulk wave velocities
and density will be reported elsewhere [23].
The three independent elastic constants, c11, c12, and
c44, of GGG crystal can be determined with high ac-
curacy by measuring the velocities of [100]-propagating
longitudinal waves, V‘[100], and [100]-propagating shear
waves, Vs[100], for the (100) GGG substrate and of [111]-
propagating longitudinal waves, V‘[111], for the (111) GGG
substrate and the density , with the following equations:
c11 = V 2‘[100]; (2)
c44 = V 2s[100]; (3)
c11 + 2c12 + 4c44 = 3V 2‘[111]: (4)
The temperature environment for LFB acoustic micro-
scope systems varies from one system to another. In order
to calibrate precisely an LFB acoustic microscope system,
operating at an arbitrary room temperature, the temper-
ature dependence of the elastic constants and density of
standard specimens must be measured around the temper-
ature of the room where the system is installed. The mea-
surements described above were made at various tempera-
tures from 21C to 27C in a temperature-controlled room.
The thermal expansion coecient of GGG is 610−6=C1
and a 3-mm thick specimen becomes 0.072 m thicker
as the temperature rises by 4C. Because this value is
smaller than the measurement resolution of the digital
length gauging system (0.1 m), the thicknesses of the
specimens were measured only at a xed room tempera-
ture around 23C. In each measurement, the temperature
around the specimens was also measured with a calibrated
copper-constantan thermocouple.
Fig. 3 shows the typical frequency response of the in-
terference output in the longitudinal velocity measure-
ment for a specimen of (100) GGG. From this waveform,
we can determine f = 1:13454 MHz through our pro-
cedure of waveform analysis. Fig. 4 shows the tempera-
ture dependence of the frequency interval f of longi-
tudinal waves for the (100) GGG specimen. Open cir-
cles denote the measured values, and bars the measure-
ment errors. f decreases as the temperature rises. The
slope was determined to be −0:000057 MHz/C by the
method of least squares. The thickness of the specimen was
2800.6 m. From these measured results, the longitudinal
velocity and temperature dependence at 23C are deter-
mined to be V‘ = 6354:82 m/s and −0:32 m/s/C, respec-
tively. The densities were also measured for the (100) and
(111) GGG specimens as given in Fig. 5. The density and
1Technical Data, Shin-Etsu Chemical Co., Tokyo, Japan.
Fig. 4. Temperature dependence of frequency interval f for [100]-
propagating longitudinal waves on a (100) GGG specimen. The spec-
imen thickness is 2800.6 m.
Fig. 5. Temperature dependence of density for (100) and (111) GGG
specimens.
temperature dependence at 23C are 7097.1 kg/m3 and
−0:14 kg/m3/C, respectively. The bulk acoustic proper-
ties of the GGG specimens at 23C are listed in Table I,
along with measurement errors in parentheses. Table II
gives the elastic constants determined by (2){(4) using the
velocities and density in Table I. The temperature depen-
dences of the elastic constants were found to be negative,
just the same as those of velocity and density.
IV. LSAW Propagation Characteristics
Measurements of V (z) curves for the (100) and (111)
GGG standard specimens are carried out in order to cal-
ibrate the LFB system using two LFB ultrasonic devices
designed for 225-MHz operation, which are described in
detail in the literature [1]. The devices have the dierent
ZnO-lm transducer sizes of 1.73 mm 1.73 mm (No. 1)
and 1.50 mm1.73 mm (No. 2) with the altered transducer
widths of 1.73 and 1.50 mm along the focused axis, formed
on the flat ends of the acoustic cylindrical lenses with the
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TABLE I
Bulk Acoustic Properties of GGG at 23C.
Velocity Density
Thickness Absolute Value Temp. Coe. Absolute Value Temp. Coe.
Specimen h (m) Mode V (m/s) V (10−5/C)  (kg/m3)  (10−5/C)
Longitudinal 6354.8 (0.6) −5:0
(100) 2800.6 (0:1)
Shear 3566.7 (0.4) −4:6 7097.1 (0.4) −1:9
(111) 2655.1 (0.1) Longitudinal 6427.2 (0.5) −4:9
V (T C) = V (23C) (1 + V T ) m/s, (T C) = (23C) (1 + T ) kg/m3, T = T − 23C.
TABLE II
Elastic Constants of GGG at 23C.
Elastic Constant Temp. Coe.
(1011 N/m2) (10−4/C)
c11 2.8661 (0.0007) −1:2
c12 1.1588 (0.0014) −1:3
c44 0.9029 (0.0003) −1:1
c(T C) = c(23C) (1 + cT ) N/m2,
T = T − 23C.
following dimensions: the cylindrical concave surface of 1-
mm radius with an aperture half-angle of 60 and the dis-
tance of 12 mm between the transducer plane and the top
surface of the lens. On the cylindrical concave surface, a
quarter-wavelength thick chalcogenide-glass lm is fabri-
cated as an acoustic antireflection coating layer between
sapphire and water. The type No. 1 transducers were used
at the early stages of the development, and the type No. 2
transducers have been mainly employed around 225 MHz
for practical measurements since 1986.
First, angular dependences of LSAW propagation char-
acteristics were measured near the center of each specimen
in 1 steps over 200. Fig. 6 shows the typical V (z) curves
measured with the two devices on the (111) GGG specimen
for [1 12] propagation at 225 MHz. Signicantly dierent
V (z) curves in shape were recorded in Fig. 6(a) by the
No. 1 device and in Fig. 6(b) by the No. 2 device. Accord-
ing to the procedure of V (z) curve analysis [1], the wave-
forms were analyzed so that the LSAW velocities VLSAW
and normalized attenuation factors LSAW were obtained:
VLSAW = 3242:79 m/s and LSAW = 1:083  10−2 from
Fig. 6(a); VLSAW = 3253:60 m/s and LSAW = 1:12510−2
from Fig. 6(b). The determined values obtained by the
No. 1 device are 0.33% in velocity and 3.7% in attenua-
tion smaller than those obtained by the No. 2 device. The
measured results of the angular dependences are given by
solid lines in Fig. 7 for the (100) GGG and in Fig. 8 for the
(111) GGG. For the (100) GGG, 0 and 45 correspond
to the [010]- and [011]-propagation directions, respectively,
and for the (111) GGG, 0 and 90 correspond to the
[110]- and [1 12]-propagation directions, respectively. The
average temperatures of the water couplant during mea-
surements were as follows: for the (100) GGG specimen,
23.129C by the No. 1 device and 23.049C by the No. 2 de-
vice; for the (111) GGG specimen, 22.991C by the No. 1
Fig. 6. V (z) curves measured on a (111) GGG specimen for [1 12]-
propagation.
device and 23.121C by the No. 2 device. The angular
dependences exhibit the characteristics reflecting crystal
symmetry of the cubic system because GGG crystal be-
longs to crystal class of m3m. The propagation charac-
teristics of LSAWs for both specimens were calculated,
for reference, at 23.100C by the analytical procedure of
Campbell and Jones [24] using the elastic constants and
densities of GGG, determined in the previous section, and
of water reported in the literature [25]{[27]. The results
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Fig. 7. Angular dependences of LSAW propagation characteristics for
a (100) GGG specimen. Solid lines, measured at 225 MHz; dashed
lines, calculated. (a) LSAW velocity, (b) normalized attenuation fac-
tor.
are plotted as the dashed lines in Figs. 7 and 8. The mea-
sured values by the No. 1 device are 0.250 to 0.271% for
VLSAW smaller and 2.2 to 3.3% for LSAW larger than the
theoretical values, and the measured values by the No. 2
device are 0.069 to 0.084% for VLSAW and 6.7 to 7.7% for
LSAW larger than the theoretical values. In general, it can
be said that dierent LFB devices operating at the same
frequency provides slightly dierent results of velocity and
attenuation.
Next, propagation characteristics of LSAWs were mea-
sured in 1 MHz steps in the frequency range 100 to
300 MHz using the two LFB devices. The propagation
directions are chosen to be [010] for the (100) GGG and
[1 12] for the (111) GGG specimen, so that a pure Rayleigh
mode was employed for measurements. The measured re-
sults are shown in Figs. 9 and 10. The measured values are
plotted as solid lines and the theoretical values as dashed
lines. Although it is assumed in theory that the propaga-
tion characteristics of LSAWs on the water-loaded speci-
men surfaces are not dispersive, the values of VLSAW and
Fig. 8. Angular dependences of LSAW propagation characteristics for
a (111) GGG specimen. Solid lines, measured at 225 MHz; dashed
lines, calculated. (a) LSAW velocity, (b) normalized attenuation fac-
tor.
LSAW measured for both specimens appear to clearly ex-
hibit the quite similar frequency dependences for each ul-
trasonic device. In the frequency range measured, VLSAW
and LSAW vary apparently with the frequency and the
frequency dependences for the No. 1 device are remark-
ably dierent from those for the No. 2 device. The us-
able frequency range is dominated by the S/N ratio for
V (z) curves and the system dynamic range which are di-
rectly associated with the ecient operation of transducer
and acoustic matching layer. We can use the No. 1 and
No. 2 devices eciently in the broad frequency range 130
to 285 MHz for velocity measurements, and, for attenua-
tion measurements, 130 to 230 MHz for the No. 1 device
and 130 to 260 MHz for the No. 2 device.
Then, to check the measurement resolution and repro-
ducibility in measurements, LSAW propagation character-
istics were measured with the No. 1 and No. 2 devices at
225 MHz on the (111) GGG specimen in the [1 12] propa-
gation direction. Experiments were repeated 200 times at
a certain position around the center of the specimen. The
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Fig. 9. Frequency dependences of LSAW propagation characteristics
for a (100)-[010] GGG specimen. Solid lines, measured; dashed lines,
calculated. (a) LSAW velocity, (b) normalized attenuation factor.
average values of VLSAW and LSAW with 2 ( denotes
a standard deviation) were 3242.81 m/s with 0.05 m/s
(0.0013%) and 1:082510−2 with 1:610−5 (0.14%)
for the No. 1 device, and 3253.52 m/s with 0.07 m/s
(0.0020%) and 1:130810−2 with 2:310−5 (0.21%)
for the No. 2 device. The average temperatures with 2
during the measurements with each device were 23.035C
with 0.004C for the No. 1 device and 23.228C with
0.008C for the No. 2 device. It has been shown from
these results that the measurement resolution and repro-
ducibility are not related to the devices, but directly to
the system stability associated with all kinds of stabilities
of the electrical part, mechanical part, and the measure-
ment conditions of temperature, and that the resolution is
estimated around 0.002% for velocity and around 0.2%
for attenuation at a chosen point.
Fig. 10. Frequency dependences of LSAW propagation characteristics
for a (111)-[1 12] GGG specimen. Solid lines, measured; dashed lines,
calculated. (a) LSAW velocity, (b) normalized attenuation factor.
V. Calibration
The LFB system is calibrated according to the calibra-
tion concept described in Section II. The dierences be-
tween the measured and calculated values in Figs. 7 and
8, and those in the frequency dependences shown in Figs. 9
and 10 are basically the values to be corrected. Here,
a quantitative discussion is made taking as example the
LSAW propagation characteristics measured at 225 MHz
on the (100) GGG specimen in the [010] propagation di-
rection and the (111) GGG specimen in the [1 12] propaga-
tion direction for both No. 1 and No. 2 ultrasonic devices.
The measured and theoretical values of LSAW propagation
characteristics at the temperature for the measurements
are given in Table III for the (100)-[010] GGG specimen
and in Table IV for the (111)-[1 12] GGG specimen. For
the (100)-[010] GGG specimen, the corrections are as fol-
lows: for the No. 1 device, +8:74 m/s (+0:267%) as VLSAW
and −2:7 10−4 (−2:5%) as LSAW; for the No. 2 device,
−2:45 m/s (−0:075%) as VLSAW and −7:810−4 (−7:2%)
as LSAW. And, for the (111)-[1 12] GGG specimen, the
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TABLE III
Calculated and Measured LSAW Propagation Characteristics of a (100)-[010] GGG Specimen at 225 MHz.
Ultrasonic VLSAW (m/s) LSAW Temperature
Device Calculated Measured Correction Calculated Measured Correction (C)
No. 1 3274.00 3265.26 +8:74 1:088 10−2 1:115 10−2 −0:027 10−2 23.037
(+0:267%) (−2:5%)
No. 2 3273.99 3276.44 −2:45 1:088 10−2 1:166 10−2 −0:078 10−2 23.095
(−0:075%) (−7:2%)
TABLE IV
Calculated and Measured LSAW Propagation Characteristics of a (111)-[1 12] GGG Specimen at 225 MHz.
Ultrasonic VLSAW (m/s) LSAW Temperature
Device Calculated Measured Correction Calculated Measured Correction (C)
No. 1 3251.27 3242.81 +8:46 1:050 10−2 1:083 10−2 −0:033 10−2 23.035
(+0:260%) (−3:1%)
No. 2 3251.24 3253.52 −2:28 1:051 10−2 1:131 10−2 −0:080 10−2 23.228
(−0:070%) (−7:6%)
corrections are as follows: for the No. 1 device, +8:46 m/s
(+0:260%) as VLSAW and −3:3 10−4 (−3:1%) as LSAW;
for the No. 2 device, −2:28 m/s (−0:070%) as VLSAW and
−8:0 10−4 (−7:6%) as LSAW.
Considering the reproducibility in V (z) curve measure-
ments presented in Section IV and the measurement errors
in bulk acoustic properties for the standard specimens, the
absolute accuracy after calibration could be estimated to
be better than 0.02% in velocity and around 0.2% in
attenuation.
VI. Discussion
To investigate the causes of the observed dierences, a
cross-sectional geometry of the LFB acoustic lens, which
explains the construction mechanism of V (z) curves, is il-
lustrated in Fig. 11. When the relative distance z between
the ultrasonic device and the specimen surface is changed,
the output of the transducer is recorded as a V (z) curve
waveform with periodic oscillations, as shown in Fig. 6.
This is the interference of the two components #0 and #1
in Fig. 11, which mainly contribute to the transducer out-
put. The LSAW propagation characteristics of the phase
velocity and attenuation are determined with the oscil-
lation interval z and attenuation 0 of the V (z) curve








0 cos LSAW + 2W
2kLSAW sin LSAW
; (6)
where VW and W are the velocity and propagation at-
tenuation of longitudinal waves for water, respectively,
and kLSAW is the wavenumber of LSAWs which equals
!=VLSAW. It is seen from the above equations that, in the
Fig. 11. A cross-section of the LFB acoustic lens to explain V (z)
curve measurements.
determination of LSAW propagation characteristics, the
measurement accuracy of VLSAW depends on the accuracy
of z and VW , and the accuracy of LSAW depends on the
accuracy of 0 and W as well as z and VW .
The measured values of VLSAW should be considered to
be aected mainly by the precision straightness of the z-
axis mechanical translation stage (Z stage) used for V (z)
curve measurements, and by the dierence from the ide-
alized measurement model, concerned with the ultrasonic
devices employed, in which the diraction problem in the
focused waves also must be included in considerations.
These measurement error factors give rise to an error of
the periodic oscillation interval z in the V (z) curve.
For very accurate absolute measurements, it is essen-
tial to prepare the standard specimens of materials to be
characterized and the device/system must be calibrated
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for the materials. However, when the real standard speci-
mens are not available, other proper standard specimens,
whose bulk acoustic properties are accurately measured
and whose LSAW velocities are quite close to those for
materials to be measured, can be employed according to
the following procedure.
From the calculated and measured values of VLSAW for
the temporary standard specimens and using (5), the cor-
responding values of zST(calc.) and zST(meas.) can be
calculated and the correction coecients thus obtained
K(V ) are dened as follows:
K(V ) = zST(calc.)=zST(meas.): (7)
The calibrated values z(calibrated) are obtained for the
measured values z(measured) for the specimens to be
corrected as:
z(calibrated) = K(V ) z(measured): (8)
Substituting the values z(calibrated) into (5), the abso-
lute values of VLSAW are determined for the specimens.
The similar procedures can be taken for LSAW. Cal-
culating the values 0ST(calc.) and 0ST(meas.) from the
calculated and measured values LSAW for the temporary
standard specimens with (6), and dening the following
correction coecients K() as:
K() = 0ST(calc.)=0ST(meas.); (9)
the calibrated values 0(calibrated) are obtained for the
measured values 0(measured) for the specimens to be cor-
rected as:
0(calibrated) = K()  0(measured): (10)
Then, substituting the values 0(calibrated) into (6), the
absolute values of LSAW are determined for the speci-
mens. In determining the 0(calibrated), the correspond-
ing corrected values of VLSAW are employed.
This calibration method is discussed using the (100)-
[010] and (111)-[1 12] GGG specimens. When taking a
(100)-[010] GGG specimen to be measured and a (111)-
[1 12] GGG specimen as the standard, the corrected re-
sults of the measured propagation characteristics at the
typical frequencies of 150, 175, 200, 225, and 250 MHz are
presented in Table V, together with the calculated results,
using the measured results of the frequency dependences
for the two GGG crystals shown in Figs. 9 and 10. It is
claried that this method is very eective for the two dif-
ferent LFB devices, not only for velocity calibration but
also for attenuation calibration in this broad frequency
range. By this calibration method, the absolute accuracy
is attained within better than 0.02% in velocity which is
almost the same as that by the system calibration using the
real standard specimens, and within1-2% in attenuation,
under the similar estimation of the measurement errors
described in Section V. In this demonstration, the LSAW
velocities between the temporary standard specimen and
test specimen were very close, less than 1%. Further ex-
perimental study concerning the eectiveness for the cases
having considerable dierences in velocity, larger than sev-
eral percent, between temporary standard specimens and
materials to be measured will be reported elsewhere [28].
Because the measurement of LSAW is done by am-
plitude measurements, its measurement errors are essen-
tially larger than the measurement errors in VLSAW by
phase measurements using the interference method, and
are sometimes estimated to be up to several percent to a
few tens of percent. In addition to the error causing fac-
tors in the VLSAW measurement, the following factors also
might be involved in the errors of the LSAW values: water
is treated as an ideal fluid in the theoretical calculation
of LSAW propagation characteristics, and accurate values
of the attenuation coecient for water in the VHF range
employed in measurements by the LFB system have not
been obtained. It can be said that it is impossible to ob-
tain LSAW as accurately as VLSAW and that it is not ap-
propriate to use the absolute values of LSAW along with
VLSAW in an application of LFB acoustic microscopy to de-
termination of the elastic constants of bulk and thin-lm
materials [3], [4], [10]{[13].
Homogeneous specimens such as Si and Ge single crys-
tals can be used for system calibration in the dierent
velocity range, in the same way as demonstrated here.
However, highly anisotropic materials with a large num-
ber of independent acoustical physical constants should
not be suitable for the standard specimens. As the cor-
rections associated with the mechanical Z stage and the
measurement model are the common factors subjected to
the system, GGG crystal substrates are the more suitable
standard specimens for the system calibration, satisfying
the required conditions as described in Section II.
Dierent spatial frequency distributions of the acoustic
elds are formed on a solid specimen by dierent LFB
ultrasonic devices and also at dierent frequencies [1],
[29]. From the data obtained by measuring the ampli-
tude and phase of the V (z) curve for Teflon, on which
no leaky surface acoustic waves are excited, the variations
of the phase have been found to be directly related to the
measured values of LSAW velocity, and, then, the appar-
ent frequency dependences of LSAW velocities, as seen in
Figs. 9 and 10, has been quantitatively explained [30]. It
can be said, therefore, that such frequency dependences
of LSAW propagation characteristics result from the fre-
quency dependence in the performance of LFB ultrasonic
devices, depending upon the size and shape of the ul-
trasonic transducer, the dimensions of the acoustic lens,
the thickness and distribution of the acoustic antireflec-
tion coating layer, and the ultrasonic frequency. Neverthe-
less, it is necessary that every propagation characteristic
of LSAWs obtained at each frequency must be calibrated
individually for the device/system used for the absolute
measurements.
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TABLE V
Calculated and Corrected LSAW Propagation Characteristics of a (100)-[010] GGG Specimen Calibrated by the (111)-[1 12]
GGG Standard Specimen.
Ultrasonic Frequency VLSAW (m/s) LSAW Temperature
Device (MHz) Calculated Corrected Dierence Calculated Corrected Dierence (C)
No. 1 150 3274.02 3274.45 +0:43 1:0876 10−2 1:0804 10−2 −7:2 10−5 22.928
(+0:013%) (−0:7%)
175 3274.02 3274.20 +0:18 1:0876 10−2 1:0841 10−2 −3:5 10−5 22.932
(+0:006%) (−0:3%)
200 3274.02 3273.91 −0:11 1:0876 10−2 1:0903 10−2 +2:7 10−5 22.934
(−0:003%) (+0:3%)
225 3274.02 3273.84 −0:18 1:0876 10−2 1:0840 10−2 −3:6 10−5 22.935
(−0:005%) (−0:3%)
250 3274.02 3273.84 −0:18 1:0876 10−2 1:0970 10−2 +9:4 10−5 22.936
(−0:005%) (+0:9%)
No. 2 150 3274.00 3274.46 +0:46 1:0878 10−2 1:0730 10−2 −14:8 10−5 23.026
(+0:014%) (−1:4%)
175 3274.00 3274.34 +0:34 1:0878 10−2 1:0741 10−2 −13:7 10−5 23.026
(+0:010%) (−1:3%)
200 3274.00 3274.11 +0:11 1:0878 10−2 1:0849 10−2 −2:9 10−5 23.026
(+0:003%) (−0:3%)
225 3274.00 3274.19 +0:19 1:0878 10−2 1:0850 10−2 −2:8 10−5 23.026
(+0:006%) (−0:3%)
250 3274.00 3274.04 +0:04 1:0878 10−2 1:0936 10−2 +5:8 10−5 23.025
(+0:001%) (+0:5%)
VII. Conclusions
In this paper, a calibration method for the LFB acous-
tic microscopy system using standard specimens has been
described. In this method, the standard specimens, whose
elastic constants and densities are measured with high ac-
curacy, must be used. A study has been conducted on GGG
single crystal, which is considered to be one of the most
suitable specimens. The standard has been given by the ve-
locities of bulk acoustic waves and densities measured for
two crystalline planes of (100) and (111) GGG as a func-
tion of temperature around the room temperature. Then,
the LSAW propagation characteristics have been measured
by the LFB acoustic microscopy system using two LFB
acoustic lens devices with a cylindrical concave surface
of 1-mm radius in the frequency range 100 to 300 MHz.
The apparent frequency dependences of LSAW velocity
and attenuation are observed in measurements on a semi-
innite GGG specimen resulting from the frequency char-
acteristics of the ultrasonic devices. Calibration has been
demonstrated by comparing the measured results with the
theoretical calculations of LSAW propagation characteris-
tics, using the measured elastic constants and density of
GGG and the physical constants of water reported, result-
ing in the absolute accuracy within0.02% in velocity and
around 0.2% in attenuation.
It is concluded that calibration is necessary in the mea-
surement of absolute values because the absolute values
of LSAW propagation characteristics depend on the sys-
tem used, especially the LFB ultrasonic device employed,
and the operating frequency. The accuracy of attenuation
values obtained by amplitude measurements is lower than
that of velocity values obtained by phase measurements
from interference intervals in V (z) curves. Therefore, the
velocities must be used for quantitative material charac-
terization. However, attenuation can be eciently used for
such a case of determining the elastic constants of thin-lm
materials by LFB acoustic microscopy, utilizing the signif-
icant variations of attenuation near the cut-o of leaky
Sezawa waves and leaky pseudo-Sezawa waves [4]. With
the use of the calibrated velocities, it is shown that LFB
acoustic microscopy will be practically applied to absolute
surface characterization of wafers and determination of
elastic constants of solid and thin-lm materials, in which
the absolute values of velocities are essential.
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